Due to their unique properties, in recent years, ionic liquids (ILs) have been largely investigated in the field of analytical chemistry. Particularly during the last sixteen years, they have been successfully applied in the chromatographic and electrophoretic analysis of value-added compounds extracted from biomass. Considering the growing interest in the use of ILs in this field, this critical review provides a comprehensive overview on the improvements achieved using ILs as constituents of mobile or stationary phases in analytical techniques, namely in capillary electrophoresis and its different modes, in high performance liquid chromatography, and in gas chromatography, for the separation and analysis of natural compounds.
Introduction
Interest in the extraction of value-added compounds or finechemicals from biomass (extractives) has largely increased in recent years. This growing interest is a result of public concern regarding the adverse effects of synthetic compounds on human health, combined with the increasing number of scientific reports demonstrating the enhanced performance of bio-based compounds in nutraceutical, cosmeceutical and pharmaceutical applications. [1] [2] [3] [4] [5] Furthermore, the attention given to these compounds has also been stimulated, in an integrated perspective, by the search for sustainable approaches to produce fuels, energy, chemicals and materials from biomass, 6 driven by the decline in oil reserves, along with the serious environmental damage caused by the overexploitation of non-renewable resources and the constant need for industries to remain competitive.
The identification, extraction and isolation of new valuable compounds from complex biomass sources, which are mainly composed of cellulose, hemicelluloses and lignin, in addition to extractives and inorganic compounds, require the use of efficient extraction procedures, as well as powerful separation methods, which often are chromatographic techniques. Most methods for the extraction/fractionation and analysis of value-added components from biomass require the use of organic, volatile, and often toxic solvents. Nevertheless, these processes usually present several drawbacks, such as the requirement of long extraction times, a high energy input, and the possible degradation of value-added compounds when high operating temperatures are employed, among others. 3, 7 Therefore, the search for alternative solvents and technologies, while fulfilling sustainability requirements, has been a crucial challenge in the past few decades.
ILs are salts typically composed of large and asymmetric organic cations and organic or inorganic anions, being liquid at temperatures below 100°C. 11 Due to their ionic nature, they present two outstanding properties: negligible volatility and non-flammability. Mainly because of these two characteristics, ILs have been receiving a "green" connotation, although other properties, such as biodegradability and toxicity, while not always successfully met, should be additionally considered. Furthermore, one of the main advantages concerning the applicability of ILs, particularly in the extraction, separation and analysis of value-added compounds from biomass, is the ability to tailor their polarities and affinities by a proper manipulation of the cation/anion chemical structure. 12, 13 Based on these features, ILs have been largely investigated as alternative solvents either for the extraction of value-added compounds from biomass 14 or for the enhancement of their analysis (comprising both the identification and quantification aspects), 15 although no studies comprising an integrated process of extraction and further analysis using the same IL solution have been reported so far. After the pioneering study by Du et al. 16 in which aqueous solutions of ILs were proposed as alternative and effective solvents for the extraction of trans-resveratrol from a Chinese medicine herb, a large number of research studies have been reported in the literature regarding the application of ILs, either pure or as mixtures with molecular solvents (mainly water and alcohols), for the extraction of value-added compounds from natural sources. 14 In addition to their use in extractions, 14 ILs have also been used in sample pre-treatment approaches to improve the fractionation and isolation of target compounds from biomass extracts, by applying solid-phase extraction (SPE) and solid-phase micro-extraction (SPME) techniques. 17, 18 In these, the incorporation of ILs in stationary phases allows specific interactions with the target compounds, which has resulted in high extraction efficiencies and selectivity while reducing the amount of hazardous organic solvents typically used. Apart from efficient extraction/fractionation processes, high resolution chromatographic analytical techniques are fundamental for the characterization of value-added extracts obtained from biomass, either for quality control or for the isolation of pure target compounds. It is indeed possible to identify a number of important contributions and advances in the separation and analysis of natural value-added compounds resulting from the use of ILs, either as constituents of liquid mobile phases or running electrolytes in high performance liquid chromatography (HPLC) and capillary electrophoresis (CE) or as stationary phases of HPLC or gas chromatography (GC) techniques. Based on an extended compilation of the data hitherto reported comprising the use of ILs in chromatographic and electrophoretic techniques for the identification and separation of natural compounds, this work provides a comprehensive overview on the improvements achieved using ILs as components of mobile or stationary phases in CE, HPLC and GC and the main challenges that still need to be addressed, namely the search for more target-oriented and benign ILs and the development of integrated and more sustainable extraction-separation processes.
Improvement of chromatographic and electrophoretic methods using ILs
ILs have been used in several analytical techniques, namely in CE and some of its different modes (capillary zone electrophoresis -CZE, micellar electrokinetic capillary chromatography -MEKC and non-aqueous capillary electrophoresis -NACE), 19, 20 in HPLC 21 and in GC, 22 aiming at enhancing the separation and further analysis of target compounds. Several advances in the performance of analytical techniques by the use of ILs as mobile and stationary phase additives have been reported. [23] [24] [25] [26] The high thermal stability and tailored polarity of IL-based stationary phases, when compared to conventional highly polar columns, as well as the application of ILs as buffer additives or electroosmotic flow modifiers, are the major features behind the obtained chromatographic and electrophoretic improved separations. [23] [24] [25] [26] Furthermore, within the framework of a green analytical chemistry perspective, these studies demonstrated that the use of ILs in separation techniques, particularly in CE and HPLC as additives in mobile phases, can lead to a decrease in the amount of organic solvents and additives used, as well as to a decrease in the energy consumption by increasing the speed of analysis without compromising the analytical performance or even improving it. 27, 28 Most of these accomplishments have been demonstrated using mixtures of synthetic-derived analytes, for which significant reviews have already been published. 25, 26, 29 Nonetheless, the number of published studies regarding the application of ILs in the separation and analysis of valueadded compounds directly extracted from biomass is much more limited, with a total of 25 manuscripts reported in the literature in the past sixteen years. Within these studies, CE was the most studied technique, followed by HPLC and GC applications. On the other hand, phenolic compounds and alkaloids represent the major classes of compounds investigated, followed by carbohydrates, essential oils and lipids. Within the analytical techniques considered, a large number of ILs were investigated. The name and acronym of each IL (divided by the cation and anion) employed in the analysis of natural value-added compounds are presented in Table 1 , while their chemical structures are depicted in Fig. 1 . The following discussion is divided into different sections regarding the advances brought about by the use of ILs in the separation and analysis (identification and quantification) of natural compounds using CE, HPLC and GC. The families of compounds studied, as well as the optimization of their separation, including the selection of ILs and their concentration and a range of different experimental conditions, are also presented and discussed. Whenever possible, the overall separation/analysis performance is outlined and discussed in terms of the IL chemical structure and IL-analyte interactions, allowing us to suggest some target-oriented ILs. Finally, the design and use of more benign and effective ILs, in addition to the development of integrated (and thus more sustainable) extraction-separation processes using IL aqueous solutions, not attempted hitherto, are suggested as the steps to follow.
Capillary electrophoresis
CE belongs to electrokinetic separation methods, i.e., the separation of molecules occurs through the use of high voltages, which generate electroosmotic and electrophoretic flows of buffer solutions and ionic species, respectively. Fused-silica capillaries with negatively charged silanol groups on the inner surface are usually applied, thus resulting in the formation of an electroosmotic flow (EOF). CE allows the separation of a large variety of compounds, ranging from charged ions to a complex array of large and small neutral molecules, with excellent efficiency and selectivity, along with low eluent and sample consumptions. For these reasons, CE is also recognized as a greener separation method. 55 Furthermore, CE usually provides better peak shape and faster analysis when compared, for instance, with HPLC. 30 Different modes of CE can be used, for example, capillary zone electrophoresis (CZE), micellar electrokinetic capillary chromatography (MEKC) and non-aqueous capillary electrophoresis (NACE). CZE analysis is considered the simplest form of CE, where the separation mechanism is based on differences in the charge-to-mass ratio. As an extension of CZE, MEKC comprises the addition of a surfactant to the running buffer leading to the formation of micelles as a pseudo-phase, while allowing the separation of both neutral and charged analytes. In some cases, additional modifiers can be used in order to improve the efficiency, selectivity and reproducibility. 23 The most commonly used surfactant is sodium dodecyl sulphate (SDS). However, due to the strongly hydrophobic nucleus of SDS micelles in aqueous media, particularly when dealing with highly hydrophobic compounds, the SDS-based MEKC technique is often insufficiently selective because all compounds tend to be incorporated into the micelles. 56 On the other hand, NACE has received considerable attention due to its additional advantages, such as the ability to separate waterinsoluble compounds that cannot be separated with traditional aqueous CE. Furthermore, faster separations can be obtained with NACE due to the higher EOF created, while the use of organic solvents turns feasible a direct online mass spectroscopy detection. 23 The major drawback of CE-based analyses is the separation reproducibility, which can be affected by interactions between the inner capillary surface and analytes. 23 In order to increase the CE separation performance, and based on their high conductivity and tunable miscibility with water, ILs have been used as supported electrolytes (by covalent bonding or dynamic coating) to modify the properties of the capillary wall and/or additives of running buffers and as remarkable alternatives to the most commonly used salts, namely sodium tetrafluoroborate (NaBF 4 ) and sodium tetraborate. 25 Contrarily to conventional salts, the low-charge density of IL cations allows a wider variety of interactions to occur between analytes and ILs, employed either as additives or as supported electrolytes, thus resulting in improved separations as a result of a proper selection of their chemical structures. Indeed, the ability of ILs to establish dispersive-type, hydrogen-bonding, electrostatic and ion-dipole/ion-induced dipole interactions with analytes is the main advantage arising from their use in separation processes. It has already been demonstrated that ILs can act as salting-in or salting-out agents in aqueous media, 57 as well as hydrotropes. 58 Both salting-in and hydrotropic effects are beneficial to increase the solubility of natural value-added compounds in aqueous media, allowing enhanced extractions and separations to occur. Moreover, it should be stressed that it is possible to design the IL chemical structure for a target-oriented purpose, e.g. salting-in versus salting-out, and that ILs possess a broader range of hydrophobicity-hydrophilicity behaviours than conventional salts -a valuable feature to increase the extraction yields and the separation performance of analytical techniques.
Particularly regarding the application of ILs to enhance the separation and analysis of value-added compounds extracted from biomass, several studies have been published reporting their use in CZE, [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] MEKC, 40, 41 and NACE. 42 In this context, the following discussion is divided into two different sections that correspond to the ILs' application in several modes of CE. The optimization of the separation and analysis conditions as well as the selection of ILs and their concentration, running electrolyte, pH and applied voltage are presented and discussed. Moreover, the overall separation performance of CZE, MEKC and NACE using ILs is outlined and discussed, and whenever possible target-oriented ILs are suggested. Capillary zone electrophoresis. In the field of CZE using ILs as running electrolytes or additives, phenolic compounds, [30] [31] [32] [33] [34] [35] [36] [37] alkaloids 38 and carbohydrates 39 were the most studied compounds, as summarized in Table 2 . (20 kV) . In order to better understand the role of the cation in these results (with a fixed anion), it is relevant to stress the two main forces which dominate the separation performance: (i) the capacity of the IL cation to interact with the capillary wall (suppressing therefore interactions of the silanol groups with the analyte and by reducing or reversing the EOF) and (ii) the ability of the IL to interact with analytes in the bulk solution. Even though ammonium cations display a stronger affinity to the capillary wall than the imidazolium counterparts, given the higher EOF reversal power at low concentrations as demonstrated by Mendes et al. 61 and Laamanen et al., 62 the interactions established between ILs and phenolic compounds in aqueous media also play an important role. In this context, the better performance showed by imidazolium-based ILs seems to be related with its aromatic character and ability to establish hydrogen-bonding and π⋯π interactions with phenolic compounds. The use of ILs for the separation of natural flavonoids has also been studied using a series of [C n C 1 Im]-based ILs as Fig. 2 Chemical structures of phenolic compounds extracted from grape seeds 30, 31 and analysed by CZE using ILs as running electrolytes or additives. The nomenclature of each compound is presented in Table 2 . running electrolytes in CZE (Table 2 and Fig. 4) . [32] [33] [34] In par- the separation of diverse phenolic compounds from grape seeds, these different studies [32] [33] [34] proved that imidazolium cations play a pivotal role in the separation of flavonoids ( Fig. 5 and 6 ). In fact, not only a better separation in a shorter analysis time was observed, but also a steadier baseline was obtained due to strong interactions occurring between the imidazolium cations and the capillary wall and between the imidazolium cations and the analytes. As previously stated, the aromatic character of imidazolium-based cations and their ability to establish hydrogen-bonding and π⋯π interactions with flavonoids seem to be the major reasons for the high separation performance observed in CZE. Moreover, both with ammonium-and with imidazolium-based ILs, it was found that ILs bearing cations with longer alkyl side chains are better candidates to improve the separation of flavonoids ( Fig. 5 ) and phenolic compounds. This feature is certainly related with weaker cation-anion interactions that occur in long-chain ILs, thus leaving the IL cation "freer" to interact with the capillary wall and analytes. On the other hand, when the IL anion effect is evaluated (Fig. 6 ), an increase in the retention time was observed with [C 4 C 1 Im][PF 6 ] when compared to the studied halides. This behaviour seems to be also related to the IL cation-anion interaction strength. Amongst the studied ILs, 6 ] displays the weakest cation-anion interactions, as previously observed by us through the determination of cation-anion interaction energies for a series of [C 4 C 1 Im]-based ILs, which correlate with the IL anion radius. 59 This weakest attraction leaves the IL imidazolium cation more available to interact with analytes and with the capillary wall, resulting thus in longer retention times. It is well known that the selectivity and resolution provided by CE can be enhanced by the addition of cyclodextrins (CDs) that act as chiral selectors due to their ability to include a wide variety of water-insoluble molecules into their hydrophobic cavity. The same enhancement was observed by the addition of β-CD as a modifier to the IL-based running electrolyte, providing a better separation of analytes. 32 In general, the separ- Table 2 . daidzein and puerarin -cf. Fig. 4 ) from dry roots of P. lobate and P. thomsonii was reported. 35 4 ] improves the separation of isoflavones, mainly biochanin A and formononetin, when compared with the sodium tetraborate electrolyte. However, direct evidence on the resolution attained with different ILs has not been reported, 35 thus making difficult a more comprehensive interpretation of the IL chemical structure effect. On the other hand, using 4 ] as an additive and studying its concentration over the migration time, peurarin was the only compound that presented a good separation in terms of migration time. For instance, at 50 mM of [C 4 C 1 Im][BF 4 ], the pairs daidzin/genistin, biochanin A/formononetin and genistein/daidzein present similar migration times (5.0/5.2 min, 6.0/6.2 min and 8.0/8.2 min, respectively). Therefore, although the isoflavone separation was enhanced by the addition of IL to the sodium tetraborate running buffer, an overall poor resolution was obtained in this study. 35 The negative effect of ammoniumand pyrrolidinium-based ILs through the flavonoid separation resolution might be related to the poor interactions occurring between these non-aromatic ILs and analytes, as previously discussed. Furthermore, the self-aggregation of long alkyl side chain ILs in aqueous media 63 (such as in [C 8 C 1 Im]Cl) cannot be discarded since these will make more difficult the establishment of H-bonds and π⋯π interactions between the cations and the analytes. Improvements achieved with [C n C 1 Im]-based ILs as running electrolytes in CZE for the separation and analysis of anthraquinones have also been reported 36, 37 (data are summarized in 36 An increase in resolution with the increase of the IL concentration and its alkyl chain length, as shown in Fig. 8 , was also demonstrated. 37 In summary, and as previously reported for other phenolic compounds, [31] [32] [33] [34] [35] 
seems to be one of the best IL candidates for application as an electrolyte in CZE. Again, these results are a consequence of the strong interactions established between the target analytes and ILs. In particular, ion association constants between 4 ] leads to higher ion association constants. 37 Alkaloids were also analysed by CZE and advances provided by ILs as running electrolytes were investigated in a single work 38 -cf. Table 2 and Fig. 9 . Again, and as discussed before for other natural compounds, the improvements observed in the alkaloid separation are related to the favourable interactions between alkaloids and the imidazolium groups coating the capillary wall or with free imidazolium ions in solution.
It was also concluded that the use of ILs as running electrolytes decreases the Joule heating and improves resolution, as previously observed by the same researchers. 38 Finally, the best resolution was obtained using [C 4 In addition to the natural compounds described before, the analysis of neutral carbohydrates (sucrose, D-galactose, D-glucose, D-fructose and D-ribose -cf. Fig. 10 initially demonstrated that a sodium hydroxide electrolyte solution without the addition of ILs does not enable the detection of carbohydrates. Since indirect UV absorption-detection consists of the quantification of a negative peak generated by the non-absorbing analyte, only in the presence of a chromophore, in this case the IL, it is possible to analyse carbohydrates by UV spectroscopy detection. This effect, as well as the IL cation and anion influence on separation and resolution, can be observed in the electropherograms presented in Fig. 11 . In general, it was found that: (i) higher concentrations of ILs are required to improve sensitivity; (ii) both the IL cation and anion influence the detection sensitivity; (iii) the migration time of analytes depends linearly on the sodium hydroxide concentration in the electrolyte solution containing the IL; (iv) the migration order (sucrose, D-galactose, D-glucose, D-fructose and D-ribose, Fig. 11 ) primarily depends on the degree of ionization of the analytes and also on their charge/-size ratio; and (v) the migration order of sugars is similar for different ILs; however an increase in mobility was observed in the following order:
Overall, considering the ILs application as additives of running electrolytes in CZE, all results reported to date [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] reveal their effect in the improvement of the separation and analysis of the studied natural compounds as a consequence of favourable interactions established between the analytes and the IL ions either coating the capillary wall or existing as free ions in solution. Contrary to conventional salts, ILs are composed of organic cations which allow other types of interactions to occur, and which are favourable to improve separation Fig . 9 Chemical structures of alkaloids extracted from A. kusnezoffii and A. carmichaeli 38 and analysed by CZE using ILs as running electrolytes or additives. The nomenclature of each compound is presented in Table 2 . Fig. 10 Chemical structures of carbohydrates extracted from fruit juices 39 and analysed by CZE using ILs as running electrolytes or additives. The nomenclature of each compound is presented in Table 2 .
and resolution in CZE. Furthermore, recognizing that the Joule heating is a critical factor for an efficient separation in CZE, it was also found that ILs lead to a larger decrease of this parameter when compared to conventional salts. In general, [C n C 1 Im]-based ILs are the best candidates to be used as additives of running electrolytes in CZE due to their high capacity to establish a variety of interactions with target compounds when compared with the sodium cation commonly used in this technique. Their ability to establish stronger hydrogen-bonding and π⋯π interactions seems to play a pivotal role, which is further supported by the poorer results achieved with non-aromatic ammonium-and pyrrolidiniumbased ILs. Moreover, long-alkyl side chain or surface-active ILs are not promising candidates for use as additives of running electrolytes in CZE. [C 4 Even though low amounts of additives are used in analytical techniques, it is important to explore other options and the application of more stable and less toxic ILs. In particular, more benign cations and anions should be explored in future studies. One promising option could be the use of choliniumbased ILs, even with benzyl functionalized groups, combined with aromatic and natural-derived anions. 65 Micellar electrokinetic capillary chromatography and nonaqueous capillary electrophoresis. The optimum separation conditions and the detection limits of several phenolic compounds analysed by MEKC or NACE with ILs as additives or running electrolytes are summarized in Table 3 . The chemical structures of these compounds are shown in Fig. 12 .
In order to expand the MEKC performance when dealing with more hydrophobic solutes, Tian et al. 40 Fig. 12 ) from extracts of Scutellariae genus. 41 A running buffer prepared by mixing a micro-emulsion ( prepared with ethyl acetate (3.2%, v/v), SDS (3.5%, w/v), butanol (0.8%, v/v) and water (92.5%, v/v)), acetonitrile, IL and 20 mM of NaH 2 PO 4 was used. The impact of ILs and running buffer concentration, pH, acetonitrile and micro-emulsion contents and applied voltage was further investigated (Table 3 ). The authors 41 suggested that the interactions between imidazolium cations and the micro-emulsion droplets change the character of the micro-emulsion itself and may thereby change the distribution of the analytes while increasing their separation ability, as previously discussed with lignans. 40 The enhanced separation of flavones with the addition of ILs seems to derive from the association of flavones with imidazolium ions or their distribution into the micro-emulsion phase, which are driven by hydrogen-bonding, electrostatic and dispersive-type interactions.
The separation and analysis of the flavonoids kaempferol, quercetin and luteolin (Fig. 12) , present in the dry roots of P. depressa or P. asiatica, were attempted by NACE using ILs as background electrolytes and acetonitrile and acetonitrilemethanol mixtures as the main solvents. 42 Acetonitrile is a well-suited medium for NACE and enables a wider range of CE applications with more hydrophobic species. In fact, the large miscibility of ILs with acetonitrile, contrary to conventional salts, allows them to be used in the adjustment of the analytes' mobility and separation in CE. In general, it was found that the EOF decreases with the increase of the IL concentration -independently of the IL nature. 42 The EOF is a consequence of electrostatic forces established between the electrolyte ions and the inner capillary surface (acidic silanol groups) forming a double layer; when applying a high potential along the capillary wall, some cations of the diffuse layer migrate towards the cathode (the surface remains negative), and this migration drags water osmotically in the same direction, creating a relevant flow. When ILs are used as additives or running electrolytes, strong interactions are established between the IL ions and the inner capillary surface (dynamically coating the inner wall), thus changing the surface charge. By increasing the IL concentration, more IL ions will be present in the diffusive layer, reducing the zeta potential and consequently decreasing the EOF. As a result, flavonoids can be separated under a positive voltage with a low IL concentration, and under a negative voltage with a high IL concentration. 4 ] were identified as the best candidates to improve the separation of the most hydrophobic analytes. Higher resolution and better detection limits were obtained when compared with conventional additives or running electrolytes. Both ILs lead to acidic solutions, although, at this point, no major conclusions can be drawn about the relationship between enhanced analysis and pH since a few studies are available in the literature on the use of ILs in MEKC and NACE. Therefore, additional ILs should be investigated in future studies so that the impact of their chemical structure and of the target compounds speciation could be evaluated and better understood. In summary, the CE separation efficiency is often compromised by the strength of the interactions occurring between the analytes and the silanol groups on the inner capillary surface and by the EOF which further depends on the electrolyte pH. ILs have been successfully applied as additives or running electrolytes in aqueous and non-aqueous CE. The results obtained reveal that both the IL cation and anion exert an influence through the separation mechanism and performance of the analytical technique. However, to date, the resolution of CE was mainly addressed by studying the effect of the IL cation. Several imidazolium-, pyrrolidinium-and ammonium-based ILs have been studied, among which [C 4 C 1 Im][BF 4 ] was identified as the best cation-anion pair to be used as a running electrolyte or additive. However, taking into consideration that favourable interactions established between IL ions and analytes increase the CE performance, with aromatic imidazolium-based fluids appearing as the most promising class due to the possibility of establishing additional H-bonding and π⋯π interactions, it is clear that other ILs with aromatic character and with high hydrogenbond basicity and/or acidity should be investigated in the near future. Although outside the topic of this review, considering the effect of ILs on the separation performance of analytical techniques for mixtures of standard and synthetic derived compounds, the following rank of IL cations can be established according to their ability to interact with the capillary wall: phosphonium > ammonium > sulfonium > pyrrolidinium > piperidinium > pyridinium > imidazolium, while the inverse is observed for the interactions with analytes. 61, 62 This trend provides important clues to the choice of adequate ILs to be applied in the CE separation of natural compounds. On the other hand, the possibility of using surface-active ILs as potential alternatives to common ionic surfactants in MEK can also be foreseen, although not attempted to date in the separation of natural compounds.
High performance liquid chromatography
HPLC is the improved form of liquid chromatography and allows the separation of compounds based on their partition between the liquid mobile phase and the stationary phase at high pressure. Depending on the relative polarity of the mobile and stationary phases, two HPLC variants can be used: normal phase (NP) chromatography and reverse phase (RP) chromatography. In the NP-HPLC technique, organic solvents (or their mixtures) are used as the mobile phase, while stationary phases are silica-based. On the other hand, aqueous solutions or mixtures with organic solvents as mobile phases and silicamodified stationary phases (the most common one is silica surface bonded with C 18 ) are used in RP-HPLC. 66 To improve the separation and analysis of value-added compounds extracted from biomass, ILs have been used in multiple roles in HPLC. They have been mainly employed as mobile phase additives (instead of amines or divalent cation compounds) with the purpose of surpassing the negative effect of free silanol groups on the long retention time of analytes, improving therefore the chromatographic resolution. Yet, ILs can also be used as stationary phases, by modifying silica through the formation of IL-based stationary phases to prepare HPLC columns with improved efficiency and stability. 21, 25, 67, 68 The following discussion is divided in two sections, covering first the use of ILs as mobile phase additives, followed by their use in stationary phase design, in both cases addressing the HPLC analysis of natural compounds, namely alkaloids, phenolic compounds and carbohydrates.
Ionic liquids as mobile phase additives. The outcome of ILs as mobile phase additives in HPLC separations seems to involve multiple interactions established between IL ions and silanol groups, producing therefore a weak bilayer electronic structure which leads to the repulsion of analytes or to a stronger attraction with the stationary phase. Furthermore, the addition of ILs can change the mobile phase polarity and thus the affinity of analytes to this phase. Some studies considering these effects were found on the separation and analysis of alkaloids [43] [44] [45] [46] and phenolic 47 compounds extracted from different species followed by HPLC analysis ( 59 In addition to the wellstudied imidazolium-based ILs, it is important to highlight the use of a pyridinium-based IL as an additive of the mobile phase in this work. 43 In general, the addition of ILs to the polar mobile phase reduces its polarity, thereby increasing the affinity of analytes to this phase. Therefore, the lower retention times were achieved for all analytes when [C 4 C 1 Im]-based ILs were employed. Imidazolium-based ILs with a butyl chain instead of an ethyl moiety interact more efficiently with the stationary phase surpassing in a more effective way the negative effect of free silanol groups. There is thus a decrease in the interactions between analytes and the stationary phase which leads to a decrease in their retention times. Nevertheless, it was observed that the addition of [C 4 C 1 Im][BF 4 ] further resulted in a poorer resolution of all studied analytes, showing that although longer alkyl side chain length ILs reduce the retention times they can have a negative impact in the resolution. It is however important to mention that this behaviour is the opposite to that observed in other studies discussed below. Therefore, and based on the overall results, 43 [
was selected as the best IL additive to the mobile phase for the analysis of moderately polar alkaloids by HPLC. It was also suggested that the pH of the mobile phase in the retention times was only marginal, which is in agreement with the fact that in the pH range evaluated (2 to 7), the studied molecules are always positively charged. In contrast a more significant and positive effect of temperature on the analytes retention time was observed. 43 The effect of different ILs, such as [C n C 1 Im][BF 4 ] and [C 6 C 1 Im]Cl, as additives in methanol/water mobile phases was also investigated in order to improve the HPLC resolution of alkaloids from extracts of S. flavescens 44 and S. tetrandra 45 ( Fig. 13 and Table 4 ). The chromatograms obtained by the authors 44 with different mobile phases (Fig. 14) , namely without modifier, with diethylamine, and with diethylamine and IL, clearly demonstrate that the IL analysed by HPLC using ILs as mobile phase or additives. The nomenclature of each compound is presented in Table 4 .
addition to the mobile phase allows significant improvements of resolution, peak shape and retention time. 44 Moreover, ILs composed of cations with longer alkyl side chains and anions with a more chaotropic character improve the HPLC analysis in terms of resolution and retention time, as stated above. 43 Even though the authors 43,44 make use of chaotropic and lyotropic definitions to explain the results obtained, these anions are also those that display weaker cation-anion interactions strength (leaving thus both the IL cation and anion freer to interact with analytes and the stationary phase). More recently, and following the same approach, Ding et al. 46 investigated the effect of the same ILs in the separation of jatrorrhizine, palmatine and berberine (Fig. 13) , from extracts of the bark of P. Chinense. The reported results are in good agreement with those discussed above. 44, 45 The application of imidazolium-based ILs as additives improves the separation of alkaloids while the increase of the IL cation alkyl chain length and more "chaotropic" anions reduce the retention time.
The separation of phenolic compounds by RP-HPLC using ILs as mobile phase additives was also investigated 47 (Table 4 Fig . 15 Chemical structures of phenolic compounds extracted from A. capillaris 47 and analysed by HPLC using ILs as mobile phase additives.
The nomenclature of each compound is presented in Table 4 .
All the previously highlighted studies demonstrate the potential of ILs as new and alternative additives for RP-HPLC mobile phases. In general, the IL chemical structure plays a pivotal role in the separation performance. The IL ions not only compete with the analyte for the free silanol groups on the surface of the stationary phase but also play an active part in changing the mobile phase polarity and by establishing specific interactions with analytes, further affecting the retention time and resolution. IL cations with long alkyl side chains and anions with high capability to interact with analytes appear as the best candidates to improve the separation of less polar compounds. Nevertheless, and particularly in HPLC, the selection of the best IL strongly depends on the analyte polarity and their speciation degree. Still, the number of studies concerning the application of ILs as additives in HPLC mobile phases to separate natural compounds is scarce since only imidazolium-based ILs combined with a limited number of anions were studied hitherto. More research work is still missing in this arena, and other IL families (such as pyridinium-, pyrrolidinium-, ammonium-and phosphoniumbased) should be investigated in order to better understand the molecular-level separation mechanisms responsible for enhanced resolution and short retention times.
Ionic-liquid-based stationary phases. The development of new HPLC stationary phases based on ILs has received a large attention after the pioneering work of Liu et al., 70 in which an imidazolium-based IL was used to modify the silica surface and was then applied in the separation of standard alkaloids. IL-based stationary phases combine the chemical functionalities provided by ILs with the advantages of conventional C 18 -based-silica columns and can indeed lead to significant improvement on the separation of bioactive compounds extracted from natural sources. The main advantage of ILbased stationary phases is the ILs' tunability character that can be designed to separate complex mixtures containing both polar and nonpolar compounds.
HPLC separations of three families of natural compounds (alkaloids, phenolic compounds and carbohydrates) have been studied (Table 5 ). For instance, Bi et al. 48 studied the separation of caffeine, theophylline and theobromine (Fig. 16) , obtained from green tea extracts, using water as the mobile phase and a silica-IL-based stationary phase RP-HPLC column. Three different imidazole-based compounds, such as imidazole, 1-methylimidazole and 2-ethyl-4-methylimidazole, were used to prepare the supported IL-phases (ILs covalently bonded to silica using an alkyl-most often propyl-spacer, Silpr- While with normal reverse phase columns the separation of theobromine from caffeine and other catechins was not possible, as reported in previous studies, 71 silica-IL-based stationary phases allowed that separation, reinforcing thus the benefits afforded by ILs. 48 The positive effects of silica-ILbased stationary phases on the retention time of alkaloids are related to the specific interactions established between the IL ions and analytes. In addition to silica-modified columns, a new monolith-ILbased stationary phase for the separation of caffeine and theophylline (standard compounds) was recently suggested. 49 Monolithic stationary phases are made up of highly interconnected channel networks with high porosity and low column backpressure. Depending on the nature of the monolithic material, it can be divided into two major types: organicpolymer-based and silica-based monolithic materials which can be chemically modified for specific applications. Their unique morphology confers them physico-mechanical properties that allow a faster separation and higher separation efficiency. 49 Five monolith-IL-based columns were prepared by polymerization of methacrylic acid/glycidyl methacrylate in different monomer ratios, followed by grafting of [C 3 Im]Cl (Fig. 18) . In general, it was observed that the methacrylic acid/-glycidyl methacrylate ratio rules the properties of the monolithic column -when this ratio increases, the porosity of the monolithic column decreases, as well as the analyte resolution. This pattern is most probably related to the availability of epoxy groups present in the glycidyl methacrylate structure to react with ILs. When monolithic IL-based columns are compared with conventional ones, 49 and although no significant differences on pore structures and physical properties of the materials were observed, a better resolution was achieved with the IL-based ones (retention time variation between caffeine and theophylline of 10 min compared with 4 min obtained with conventional monolithic columns), as shown in Fig. 19 . In summary, both silica-and monolith-based columns modified with imidazolium-based ILs lead to improve separations of alkaloids. Nevertheless, at this point, it can only be concluded that aromatic ILs appear as promising candidates due to H-bonding and π⋯π interactions that they can establish with aromatic compounds. Further investigations with nonaromatic ILs are still required to better understand the relevant molecular features of ILs, when acting as stationary phases, and which lead to enhanced separations by HPLC. The separation of phenolic compounds (Fig. 15) by HPLC using silica-IL-based stationary phases, namely SilprCl, Silpr[Im]Br and Silpr[(NH 2 )C 3 Im]Br, was also investigated (Table 5) . 51 In general Silpr[(NH 2 )C 3 Im]Br was identified as the most suitable stationary phase for the separation of phenolic compounds, justified by the column higher hydrophobic character and possible ion-exchange interactions that can occur between the stationary phase and the analytes. 51 Even so, the claimed higher performance of IL-based columns was not supported by a direct comparison with conventional ones.
However, previous studies reported by the same authors 73 using conventional C 18 columns for the separation of the same phenolic compounds confirm the better separation, not only in terms of retention time but also in resolution, when incorporating ILs in the stationary phase. Based on the results obtained for the separation of alkaloids, 48 recently, the same researchers 50 studied the separation of xylose and glucose ( Fig. 10 and 16 Fig. 17 ), for which a summary of the conditions and results obtained is presented in Table 5 . The effects of the IL chemical structure, the mobile phase composition (methanol or acetonitrile aqueous solutions) and temperature were investigated. Comparing the performance of conventional SilprNH 2 with Silpr [Im]Cl, an increase in the retention times and in resolution were obtained with silica-IL-based columns. For instance, using acetonitrile/water (90/10, v/v) as the mobile phase, the resolution of xylose and glucose increased from 0.78 to 4.03 with Silpr[Im]Cl. Contrary to the results previously discussed for alkaloids, 48 ILs composed of cations with longer aliphatic moieties lead to lower retention times and resolution. This behaviour is probably related to the decrease of the stationary phase polarity which decreases the carbohydrates affinity to this phase. Considering the anion effect in the separation, the 
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Fig . 16 Chemical structure of alkaloids and carbohydrates extracted from green tea extracts 48, 49 and enzymatically hydrolysed Water Hyacinth, 50 analysed by HPLC using IL-based stationary phases. The nomenclature of each compound is presented in Table 5 . 74 These exhibit a higher thermal stability and higher selectivity (due to a broad number of interaction sites) when compared with single-cation ILs. However, to the best of our knowledge, the application of multiple-cation ILs in stationary phases for the separation of natural compounds by HPLC was not investigated so far. In the same line, only one research group 50 studied the effect of the IL anion, and particularly on the separation of carbohydrates. It was observed that the IL anion also plays an important role in the separation of natural compounds. However, a larger number of anions needs to be considered and used to separate other types of compounds in order to better understand the separation mechanisms and to be able to design target-oriented ILs in separation approaches.
Gas chromatography
Over the past few decades, GC has become the most used technique for the separation of volatile and semi-volatile analytes, including those extracted from biomass. 25 Most publications involving IL-based stationary phases for GC are limited to studies of standard compounds or their mixtures. 25 Only three studies [52] [53] [54] reported the application of ILs as GC stationary phases components aiming at improving the separation and analysis of natural compounds, namely essential oils 52, 53 and lipids 54 (Table 6 ). , and at 2°C min −1 to 240°C (10 min). 54 Qi et al. 52 were the first evaluating the capability of two polymer-IL-based stationary phases on the separation of essential oils from dried seeds of F. vulgare, M. fragrans, and from the bark of C. zeylanicum, by GC-MS. Results obtained in the analysis of the three essential oil samples demonstrate that the mixed dicationic stationary phase exhibits better selectivity than single dicationic and conventional stationary phases, namely HP-5MS and HP-INNOWax columns (Fig. 20) . Furthermore, 74 compounds were identified in the C. zeylanicum essential oil using the mixed dicationic stationary phase column, which accounts for 99.45% of the entire sample, against 65 compounds identified by a conventional column (87.35% of the entire sample). 52 Ragonese et al. 53 studied the SLB®-IL59 column 75 in the GC-FID analysis of flavour and fragrance compounds from lemon essential oil. According to the McReynolds classification, the SLB®-IL59 column showed a degree of polarity ( polarity number of 59) comparable with the commercial SUPELCOWAX® 10, and significantly higher than the nonpolar column SLB®-5 commonly used in the analysis of flavour and fragrance compounds. 53 Furthermore, SLB®-IL59 displays a high thermal stability (300°C versus 280°C for the conventional SUPELCOWAX® 10 column). A lower bleeding was also obtained with SLB®-IL59 resulting in a higher sensitivity (better signal/noise ratio) and resolution (Fig. 21) . 53 The analysis of fatty acid methyl esters (FAMES, present in C. closterium and S. robusta) by GC-MS using conventional non-polar columns could result in a low separation efficiency, 54 particularly in complex mixtures of isomers of unsaturated FAMES leading to chromatograms with overlapped peaks. In order to overcome these limitations, Gu et al. 54 proposed a two dimensional (GC × GC) methodology, using a commercial non-polar DB-1MS column for the first dimension and a commercial polar IL phase, namely SLB®-IL 82 or SLB®-IL 100, 75 for the second. The performance of this two dimensional GC analysis was compared with the conventional HP-88 column (Table 6 ). The authors 54 showed that the application of polymer-IL-based stationary phases (SLB®-IL 82 or SLB®-IL 100) in the second dimension improves the resolution, notably in the separation of some specific and unusual unsaturated FAMES isomers that could not be detected in one dimensional GC (Fig. 22) . In summary, the potential application of ILs as new stationary phase components (single-cation or multi-cation ILs) in conventional and multidimensional GC to improve the separation and analysis of natural value-added compounds was demonstrated by some authors. [52] [53] [54] Overall, an improvement of the resolution and selectivity of volatile compounds from essential oils and fatty acids was observed while using more thermally stable and lower bleeding columns. Although few studies still exist concerning the application of ILs in GC stationary phases for the separation and analysis of natural compounds, some IL-based stationary phases are already commercially available, e.g. SLB®-IL59, SLB®-IL82 and SLB®-IL100. This recent commercial interest in IL-based GC columns is a result of the improvements in analytical 
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This journal is © The Royal Society of Chemistry 2016 performance achieved by the use of ILs. They allow the tailoring of the stationary phases' polarities and their chemical properties, creating thus a new range of supported materials that can be designed for the separation and analysis of specific and/or complex samples. Concerning the application of this modified GC columns to the analysis of value-added compounds derived from biomass other types of IL-based GC columns should be evaluated, namely phosphonium-, pyridinium-and pyrrolidinium-based stationary phases, which present a high thermal stability when compared with imidazolium-based columns, allowing the study of a large number of compounds.
Green assessment of IL-based analytical techniques and future perspectives
The demand for more environmentally safe and cost-effective analytical methods has been one of the driving forces behind the recent interest in ILs, either as constituents of mobile or stationary phases. The most remarkable advantage is the ILs tailoring ability which leads to enhanced chromatographic resolution when considering the separation of compounds with similar chemical structures or features. In most of the reported studies discussed before, and particularly when ILs are used as additives of mobile phases in CE and HPLC, it was demonstrated that the use of ILs allows a decrease in the analysis time which leads to lower solvent and energy consumptions, and therefore to a lower amount of generated wasteidentified as major accomplishments within a green analytical chemistry perspective. 77 According to Gałuszka et al., 78 the evaluation of analytical techniques in the context of green chemistry is highly complex due to the large number and diversity of analytes and analytical methods, and analytical criteria required in each case (e.g., resolution, selectivity, accuracy and limit of detection). In the same line, Koel 27 recently proposed that the environmental impact of analytical methods should be carried out through a life cycle analysis of the components used in the overall process (chemicals, solvents, instrumentation, data processing equipment, etc.). However, and according to the author, 27 in many cases this is a laborious and not easy task due to a lack of essential information on the production of instruments and chemicals. Still taking into account this difficulty, an analytical "ecological scale" was proposed by Gałuszka et al. 78 to evaluate the greenness of analytical methods in a more quantitative way than NEMI (National Environmental Methods Index) 79 labelling and GCAW (Green Chemical Alternatives Wizard) 80 databases that consider only four criteria: persistent/ bioaccumulative/toxic, hazardous, corrosive and waste chemicals. In the same direction, the HPLC-environmental assessment tool (HPLC-EAT) was proposed by Gaber et al., 81 being the first tool dedicated to the identification of hazards related to the use of liquid chromatography mobile phases. In summary, and although ILs have been successfully applied in separation processes, further characterization of their physical and chemical properties as well as of their biodegradability and toxicity features still need to be accomplished to allow the evaluation of the greenness of analytical IL-based methods through the tools discussed before. Nevertheless, and as highlighted before, ILs are non-volatile solvents, are used in small quantities as additives of mobile phases and improve the resolution and time analysis of analytical techniques, which certainly contribute to a decrease of the overall carbon footprint of ILbased analytical techniques. Even so, we would like to encourage the academic community to consider the use of these tools (ecological scale and HPLC-EAT) in future studies in order to assess the real environmental impact and the economic viability of the proposed IL-based processes.
Although not attempted to date, the integration of extraction and chromatographic separation processes using IL aqueous solutions can be seen as a promising strategy to develop more sustainable processes within a green chemistry perspective. It is important to stress that in all studies considered in this review, volatile organic solvents, such as ethanol, methanol, and acetonitrile, among others, were used for the extraction of compounds from biomass. Then, the extracts were recovered and ILs were added as part of the mobile or stationary phases in chromatographic and electrophoretic analysis. Although ILs improve the separation performance of analytical techniques, the "green" nature of the overall process is reduced by the use of volatile, often toxic, solvents in the extraction step. However, ILs (either pure or as aqueous solutions) have already shown to be remarkable solvents for the extraction of value-added compounds from biomass.
14 Therefore, at this stage, the link between the two approaches is missing. In fact, it seems possible to use IL solutions for the extraction of value-added compounds from biomass and then to use the same IL solutions to improve the separation performance of analytical methods, in a fully integrated route. Several studies regarding the use of ILs as extraction solvents of natural compounds reported the direct injection of the IL-extract sample [82] [83] [84] [85] [86] [87] [88] [89] or after a sample pretreatment step 90 in HPLC, either for the analysis of the sample composition or for the quantification of target compounds. In most of these studies, 84, 88, 89 the authors stated that there are no significant variations in the peaks resolution due to the presence of ILs. Still, in these studies, the authors were mainly interested in demonstrating the ability of ILs to act as alternative solvents to extract natural compounds, and thus, the evaluation of the IL effect and its concentration and the optimization of the operational conditions on the efficiency of the chromatographic process, compared with the analysis of samples in which ILs were not used, were not taken into consideration. One isolated work regarding the use of ILs for the extraction 85 and another one using the same IL as an HPLC mobile phase additive 47 were found in the literature, and both deal with the same natural compound -rutin. Therefore, the integrated extraction-separation route here proposed seems to be a viable strategy, albeit not addressed in these studies nor in any of the studies discussed in this review. It should be pointed out that the use of ILs as additives in chromatographic analysis has been studied in concentrations ranging from 0.1 to 50 mM, considerably lower ranges than those in which ILs are used as extraction media (0.5 to 4 M); 14 even so, a dilution step (often part of most analytical processes) could simply overcome this gap. Furthermore, some pre-treatment strategies can be employed, e.g. with IL-based aqueous biphasic systems (ABS), 12 to "clean" and concentrate samples before chromatographic analyses, and still within an integrated perspective as far as the same ILs are used. Additional studies 91, 92 can be found on the use of ILs for the extraction of value-added compounds from biomass at concentrations similar to those applied in chromatographic studies, mainly with imidazolium-based ILs with long alkyl side chains, creating therefore the required conditions for the development of an integrated extraction-separation process. Yet, in order to successfully integrate both processes, additional studies concerning the application of ILs at higher concentrations as constituents of mobile phases in chromatographic and electrophoretic techniques, as well as further investigations regarding the use of IL solutions at lower concentrations for the extraction of value-added compounds from biomass, need to be carried out.
Remarkable studies that open new perspectives into the integration of extraction and separation processes were recently reported. Fukaya et al. 93 
Conclusions
The use of ILs in mobile and stationary phases in CE, HPLC and GC leads to significant improvement on the separation and resolution of these techniques when considering the analysis of value-added compounds extracted from biomass -a main result of the ILs outstanding properties and structural diversity. Considering the ILs application as additives or running electrolytes in CE and its different modes, all authors conveyed the perspective that the ILs' effect in the improvement of separation derives from the possibility of establishing favourable interactions between the analytes and the IL ions either coating the capillary wall or existing as free ions in solution. ILs were also successfully applied in HPLC as mobile phase additives, namely in RP-HPLC, and allowed to surpass the negative effect of free silanol groups responsible for the commonly increased retention times of analytes. Moreover, it was demonstrated that ILs lead to improved resolution, efficiency, permeability and stability when employed as IL-silica-based HPLC stationary phases. The successful application of ILs for the development of new GC stationary phases was also established. IL-stationary phases usually exhibit a higher thermal stability and a higher polarity number compared to conventional GC columns. Due to their remarkable performance in separations, some IL-based GC stationary phases are already commercially available. In summary, as components of mobile and stationary phases in analytical techniques, ILs provide superior selectivity for analytes and an exceptional analytical performance.
In both chromatographic and electrophoretic analyses of value-added compounds extracted from biomass, imidazolium-based ILs have been the preferred choice, justified by their favourable and specific interactions with target com-pounds (most often aromatic compounds, allowing thus strong hydrogen-bonding and π⋯π interactions). On the other hand, ILs composed of fluorinated anions, and mainly [BF 4 ]-based fluids, were the most studied in the literature, where their enhanced resolution in analytical techniques seems to result from weak IL cation-anion interactions (allowing the IL cation to better interact with analytes). At this stage, it is safe to admit that ILs with aromatic character and with weak electrostatic interactions appear to be the most promising candidates to be used as additives or running electrolytes of mobile phases. In this context, other ILs composed of aromatic cations, such as pyridinium-based or tetraalkylammonium or tetraalkylphosphonium ILs with aromatic functionalized groups at the aliphatic moieties, are worthy of investigation. In the same line, and although not studied to date, there is the possibility of introducing an extra aromatic character using ILs composed of anions such as tosylate, salicylate, etc. Furthermore, although ILs are used in small amounts in analytical techniques, the application of more biocompatible and biodegradable ILs in chromatographic analysis, particularly when employed as constituents of mobile phases that are continuously discharged, is a crucial demand for the development of more sustainable processes. The research on task-specific and more benign ILs can ultimately broaden the usefulness of these compounds within the analytical chemistry arena.
Several tools for addressing the green character of IL-based analytical techniques were highlighted in this review. However, further characterization of the ILs' physical and chemical properties as well as their biodegradability and toxicity features still needs to be accomplished to completely evaluate the greenness of IL-based analytical methods.
The development of integrated extraction-separation processes using IL aqueous solutions was identified as the main lacuna in the literature, while all evidence seems to support the viability of integrated and more sustainable extraction-separation processes. Overall, the improvements brought about by the use of ILs in both the extraction/purification of valueadded compounds from biomass and in their chromatographic and electrophoretic analysis clearly support the potential of these solvents towards the development of a more biobased economy.
